In this study, spent activated carbons (ACs) were collected from a waste water treatment plant (WWTP) in Incheon, South Korea, and regenerated by heat treatment and KOH chemical activation. The specific surface area of spent AC was 680 m 2 /g, and increased up to 710 m 2 /g through heat treatment. When the spent AC was activated by the chemical agent potassium hydroxide (KOH), the surface area increased to 1380 m 2 /g. The chemically activated ACs were also washed with acetic acid (CH 3 COOH) to compare the effect of ash removal during KOH activation. The low temperature N 2 adsorption was utilized to measure the specific surface areas and pore size distributions of regenerated ACs by heat treatment and chemical activation. The functional groups and adsorbed materials on ACs were also analyzed by X-ray photoelectron spectroscopy and X-ray fluorescence. The generated ash was confirmed by proximate analysis and elementary analysis. The regenerated ACs were tested for toluene adsorption, and their capacities were compared with commercial ACs. The toluene adsorption capacity of regenerated ACs was higher than commercial ACs. Therefore, it is a research to create high value-added products using the waste.
Introduction
Activated carbons (ACs) have been widely used for the water treatment process, which includes the removal of odors, heavy metals, and organic compounds. In particular, drinking water treatment plants (DWTP) and waste water treatment plants (WWTP) require various types of ACs in large quantities [1] [2] [3] . Granular activated carbon (GAC) is commonly used in the filtration process of DWTP [2, 4] . This process can effectively remove organic matter, taste and odor-causing compounds. Powdered activated carbon (PAC) is usually used in final stage of WWTP. The treated water should meet the stringent effluent standard before discharging the water to the river. The PAC filtration process efficiently removes pollutants, so should be required in the WWTP [1, 2] .
Water treatment plants require a large amount of fresh ACs, but this means that large amounts of spent ACs could be generated after losing the adsorption capacity. The spent ACs are classified into hazardous solid wastes, and are thus prohibited to dispose directly into landfill sites [5, 6] . The regeneration of ACs is more economically and environmentally effective than replacing fresh ACs [7, 8] . Various regeneration methods have been investigated, including wet oxidation, classical solvent regeneration, and thermal regeneration [9] . Thermal regeneration in particular has been widely used due to its simplicity, low cost, and versatility [7, 10, 11] .
During thermal regeneration, spent ACs are exposed to high temperatures (~850 • C) in the inert gas, and followed by oxidizing conditions [12] . When thermally heated, any volatile compounds adsorbed in the pores are eliminated, and less-volatile compounds are decomposed [3, 5] . Thus, the specific
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Preparation of Regenerated ACs
PACs are usually used in final stage of WWTP. The spent ACs were collected from a WWTP located in Incheon, Korea. Spent ACs were denoted as S-AC. The S-ACs were dried in an oven at 100 • C overnight prior to use. First, the dried S-AC were thermally regenerated at 850 • C for 3 h [19, 20] .
Approximately 10 g of S-ACs were placed into the vertical furnace and gradually heated at 5 • C/min until the furnace reached 850 • C. The thermally heated ACs were referred to as H-ACs. The S-ACs also were chemically activated using potassium hydroxide (KOH) pellets (Samchun Chem. Co., 95%). The KOH was kept in a sealed container to prevent air moisture prior to use. A 5 g sample of S-ACs was mixed with 10 g of KOH, and placed into the vertical furnace. The sample was heated from room temperature to 750 • C for 1 h, and then 850 • C for 3 h with a heating rate of 5 • C/min under N 2 flow. The chemically activated S-ACs were then divided into two samples. One sample was washed with 500 mL of tap water, with the process repeated five times. The sample was the chemically activated and then washed by water, so it was denoted as C-AC-W (Chemical activated-AC-Water wash). The second sample was treated with 500 mL of 0.5 M acetic acid (CH 3 COOH, Samchun Chem.
Co., 99.5%), and then washed with 500 mL of water three times. It was called by C-AC-A (Chemical activated-AC-Acid wash) in this study.
Characterization of Prepared ACs
The specific surface areas and pore size distributions of S-AC, H-AC, C-AC-W, and C-AC-A were analyzed using the Brunauer-Emmett-Teller (BET) and NLDFT/GCMC Method based on the N 2 adsorption obtained at 77 K using an BELSORP-max (BEL Japan, Inc.). The content of oxygen functional groups on the surface of each sample was confirmed by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Japan). Elemental analysis (EA) was performed for 12 min at 900 • C using an elemental analyzer (FlashEA 1112 and 2000, Thermo Scientific, Milan, Italy) to determine the elemental contents of carbon (C), hydrogen (H), oxygen (O), nitrogen (N), and sulfur (S). The materials adsorbed on the ACs were analyzed by X-ray fluorescence (XRF-1800, Shimadzu, Japan). For the proximate analysis, dried samples were placed in the furnace (Furnace, Daeheung science, DF-4S) and heated at 950 • C for 7 min, and then lowered to 750 • C for 10 h. The analysis was using the ASTM standard method [21] . The results, including the ash, volatile, and fixed-carbon contents within the ACs, were considered as percentages of the weight [22] .
Test for Adsorption of Toluene on the ACs
The adsorption of toluene on ACs was studied in the tubular quartz reactor with an inner diameter of 3 cm. 200 mg of ACs (W ACs ) was put into the reactor and placed between the ceramic fibers (Cerakwool, ©KCC Co., Korea). As shown in Figure 1 , the toluene was evaporated through N 2 bubbling and the again diluted by N 2 for controlling its concentration. The concentration of diluent toluene was 400 ppm approximately, and the total flow was 1 L/min. The concentration of toluene was analyzed using THC analyzer with FID detector (Polaris FID, PF-200, Italy). Since the outlet concentration of toluene was the same as the initial concentration, toluene was fully saturated on ACs.
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Results and Discussion
N2 adsorption and desorption isotherms of all the curves for S-AC, H-AC, C-AC-W, and C-AC-A at 77 K followed the type IV isotherms (Figure 2a ) [23] . In addition, the empty symbols, which depict desorption curves (Figure 2a ), had a slightly different pattern with adsorption. As shown in Figure 2b , the pore size distribution of ACs micropore clearly mixed the micropore and mesopores [24] .
The quantity absorbed in the y-axis was dependent on the specific surface area. The N2 adsorption quantity of H-AC was slightly higher than that of S-AC, which means the surface area rarely increased, even when thermally treated. The volatile compounds adsorbed on the carbon surface could be removed by the thermal treatment, but the surface area slightly increased. This is because the volatiles within the pores evaporated, while the pores simultaneously shrunk ( Figure  2b ). With the exception of H-AC, the pores of the ACs existed between 1-3 nm. The pores of H-ACs were distributed between 0.4-0.5 nm and 1-2 nm. This suggests that the pores of H-ACs shrunk, leading to a lower surface area.
Both chemically activated S-ACs had an absorbed quantity higher than that of S-AC and H-AC, indicating that the both C-ACs have larger surface area compared to others. The surface area could 
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areas. However, the increase of surface area in this study is mainly caused by the increase of total pore volume as shown in Table 1 . When the N2 adsorption of C-AC-W and -A was compared, the C-AC-A adsorption was higher than that of C-AC-W. This indicates that the acid treatment of chemically activated ACs effectively removed the generated ashes and the remained chemical agents used in the chemical activation method. The acid treatment removed the ashes and clear the pores, leading to the increase of surface area and pore volume increase simultaneously (Table 1 ). [25, 26] . When compared with S-and H-AC (Figure 3 a,b ), the peaks of H-AC rarely changed, even when they were thermally treated. However, the peaks of chemically activated ACs were significantly different (Figure 3c,d) . The concentration of the C-H peak in C-AC-W increased due to the non-graphitic carbonaceous species generated during the chemical activation. Consequently, the carbonaceous species were removed by the acid treatment, resulting in the disappearance of the peaks (Figure 3d ) [27] . C-O and COOH peaks in XPS curves were observed to decrease and increase, respectively, after KOH chemical activation of ACs [28] . In this study, the peaks related to the C-O and O-C=O also decreased and increased, respectively, after the chemical activation (Figure 3c,d; Table 2 ). The quantity absorbed in the y-axis was dependent on the specific surface area. The N 2 adsorption quantity of H-AC was slightly higher than that of S-AC, which means the surface area rarely increased, even when thermally treated. The volatile compounds adsorbed on the carbon surface could be removed by the thermal treatment, but the surface area slightly increased. This is because the volatiles within the pores evaporated, while the pores simultaneously shrunk (Figure 2b ). With the exception of H-AC, the pores of the ACs existed between 1-3 nm. The pores of H-ACs were distributed between 0.4-0.5 nm and 1-2 nm. This suggests that the pores of H-ACs shrunk, leading to a lower surface area.
Both chemically activated S-ACs had an absorbed quantity higher than that of S-AC and H-AC, indicating that the both C-ACs have larger surface area compared to others. The surface area could be increased by the broken particles through the chemical activation, leading to the large surface areas. However, the increase of surface area in this study is mainly caused by the increase of total pore volume as shown in Table 1 . When the N 2 adsorption of C-AC-W and -A was compared, the C-AC-A adsorption was higher than that of C-AC-W. This indicates that the acid treatment of chemically activated ACs effectively removed the generated ashes and the remained chemical agents used in the chemical activation method. The acid treatment removed the ashes and clear the pores, leading to the increase of surface area and pore volume increase simultaneously (Table 1) . Table 1 . Textural properties of the S-AC, H-AC, C-AC-W, and C-AC-A.
S-AC H-AC C-AC-W C-AC-A
Specific surface area (m 2 /g) 681 ± 20 709 ± 18 1383 ± 16 1612 ± 9 Total pore volume (cm 3 (Figure 3 ) [25, 26] . When compared with S-and H-AC (Figure 3 a,b) , the peaks of H-AC rarely changed, even when they were thermally treated. However, the peaks of chemically activated ACs were significantly different (Figure 3c,d) . The concentration of the C-H peak in C-AC-W increased due to the non-graphitic carbonaceous species generated during the chemical activation. Consequently, the carbonaceous species were removed by the acid treatment, resulting in the disappearance of the peaks (Figure 3d ) [27] . C-O and COOH peaks in XPS curves were observed to decrease and increase, respectively, after KOH chemical activation of ACs [28] . In this study, the peaks related to the C-O and O-C=O also decreased and increased, respectively, after the chemical activation (Figure 3c,d ; Table 2 ). Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 10 After thermal treatment, the oxygen content of S-AC sharply decreased. The oxygen containing group was eliminated during the heat treatment. However, the ACs subjected to the chemical activation increased oxygen content due to the carbon oxidization. The total of analysis resulted in the chemically activated ACs were similar with S-AC and H-AC, but the C-AC-A differed ( Table 3 ). The elements without nitrogen, carbon, hydrogen, sulfur, and oxygen could be assumed to be ash. Approximately 14% of total of C-AC-A increased compared to C-AC-W, meaning that ash was reduced by the acid treatment. Table 2 . Relative concentration of different groups in C 1 s peak based on X-ray photoelectron spectroscopy. After thermal treatment, the oxygen content of S-AC sharply decreased. The oxygen containing group was eliminated during the heat treatment. However, the ACs subjected to the chemical activation increased oxygen content due to the carbon oxidization. The total of analysis resulted in the chemically activated ACs were similar with S-AC and H-AC, but the C-AC-A differed ( Table 3 ). The elements without nitrogen, carbon, hydrogen, sulfur, and oxygen could be assumed to be ash. Approximately 14% of total of C-AC-A increased compared to C-AC-W, meaning that ash was reduced by the acid treatment. The ash removal was also confirmed by the proximate analysis as shown in Figure 4 . The ash content of S-ACs was 30%, which was slightly reduced through the thermal treatment and chemical activation. In particular, the ash content of C-AC-A was sharply reduced. The contents of C-AC-A was similar to the commercial ACs (especially coal-based ACs) [29] . Therefore, this suggests that the most physical properties of C-AC-A were recovered as fresh ACs.
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S-AC H-AC C-AC-W C-AC-A Commercial AC
Toluene Capacity (g-toluene/g-AC) 0.033 0.100 0.091 0.154 0.142
The toluene adsorption capacities on the ACs were measured using the experimental setup as shown in Figure 1 . The surface area, pore size, and functional groups on the surfaces of ACs are considered as key factors to affect adsorption mechanisms, leading to the various toluene adsorption performance [30] [31] [32] [33] . First, the toluene adsorption capacities were largest at a higher surface area: C-AC-A > C-AC-W ≈ H-AC > S-AC, and the calculated adsorption capacity was 0.154, 0.091, 0.100, and 0.033 g-toluene/g-AC, respectively ( Table 5 ). The toluene adsorption capacity calculated the integrated area divided by sample weight. In the previous reports [30, 31] , pore size distribution is also a key parameter to control the toluene adsorption. The toluene is usually adsorbed on the mesopore of ACs, and then diffused into the micropores. The mixture structure of micro-and meso-pores enhances their toluene adsorption capacity. If the pores are composed of only microstructures or too narrow, the adsorption capacity is decreased. The pores of ACs by chemical activation (C-AC-A) were composed of micropores (pore diameter <2 nm) and meso-pores (2 nm <pore diameter <50 nm) as shown Figure 2b , so it enhanced the toluene adsorption capacity. In addition, the functional group on the ACs can affect the toluene adsorption [33] . The ACs with low content in oxygen surface groups have the best adsorption capacities for VOCs. Based on our EA The regeneration of S-ACs using the KOH chemical activation increased the specific surface area, which was comparable to the fresh ACs. However, the metal ions present during the water purification process were adsorbed on the ACs and then converted to ashes. The generated ashes were not eliminated through the thermal treatment and chemical activation, leading to the negative effects. The ash removal was essentially required, and the acid washing shown in this study would be suggested.
The toluene adsorption capacities on the ACs were measured using the experimental setup as shown in Figure 1 . The surface area, pore size, and functional groups on the surfaces of ACs are considered as key factors to affect adsorption mechanisms, leading to the various toluene adsorption performance [30] [31] [32] [33] . First, the toluene adsorption capacities were largest at a higher surface area: C-AC-A > C-AC-W ≈ H-AC > S-AC, and the calculated adsorption capacity was 0.154, 0.091, 0.100, and 0.033 gtoluene /g-AC , respectively ( Table 5 ). The toluene adsorption capacity calculated the integrated area divided by sample weight. In the previous reports [30, 31] , pore size distribution is also a key parameter to control the toluene adsorption. The toluene is usually adsorbed on the mesopore of ACs, and then diffused into the micropores. The mixture structure of micro-and meso-pores enhances their toluene adsorption capacity. If the pores are composed of only microstructures or too narrow, the adsorption capacity is decreased. The pores of ACs by chemical activation (C-AC-A) were composed of micropores (pore diameter <2 nm) and meso-pores (2 nm <pore diameter <50 nm) as shown Figure 2b , so it enhanced the toluene adsorption capacity. In addition, the functional group on the ACs can affect the toluene adsorption [33] . The ACs with low content in oxygen surface groups have the best adsorption capacities for VOCs. Based on our EA result in Table 3 , the S-AC exhibited high content in oxygen surface groups compared with H-AC. It caused to the significantly low toluene capacity, even comparing with their surface areas. The commercial AC based on coal (889 m 2 /g) was prepared, and also applied to the toluene adsorption test. The calculated adsorption capacity was 0.142 gtoluene /g-AC . The toluene adsorption capacity of C-AC-A is higher than commercial ACs. Therefore, the regenerated ACs from the waste in this study exhibits better physical properties Appl. Sci. 2019, 9, 5132 8 of 10 than commercial ACs, leading to the replacement of fresh ACs. It gives the environmental and economic benefits. Table 5 . Toluene adsorption capacity of prepared ACs.
S-AC
H-AC C-AC-W C-AC-A Commercial AC Toluene Capacity (gtoluene /g-AC ) 0.033 0.100 0.091 0.154 0.142
Conclusions
The spent activated carbons (S-ACs) from WWTP were regenerated by heat treatment and KOH chemical activation. The specific surface area was increased by thermal regeneration (H-AC), but it was highly increased using the chemical activation (C-AC). The surface area of activated ACs was comparable to the fresh ACs, but ashes generated during this process caused issued for regenerated ACs. The ashes initially accumulated during the water purification process. The metal ions were adsorbed on the ACs, and then converted into ashes. The accumulated ashes blocked the pores and covered the surface, leading to the negative effects. The chemically activated ACs were washed by acetic acid (C-AC-A) and compared to the ACs without acid washing (C-AC-W). The ACs with acid washing increases 17% in available surface area, and the pore volume also increased. The C-AC-A was applied for toluene adsorption. The toluene adsorption capacity of C-AC-A was even higher than the commercial ACs. The quality of regenerated ACs was improved comparing with the commercial ACs, so it could replace the fresh ACs. Hence, the regenerated ACs preserve the environment and provide benefits to the industries.
